Objective: The aim of this study was to measure reactive oxygen species (ROS) production and total antioxidant capacity (TAC) in the seminal fluid of the male partners in couples undergoing intrauterine insemination and to evaluate correlations between these values and their semen parameters. Methods: The study was conducted at Vamsam Fertility Center, Coimbatore, India and enrolled 110 male patients from whom semen samples were collected. ROS production was measured by a thiobarbituric acid reactive species assay, and TAC was measured by a 2,2-diphenyl-2-picrylhydrazyl free radical assay. The differences in the TAC and malondialdehyde (MDA) levels between the subfertile and fertile groups were analysed. Correlations between sperm parameters and TAC and MDA levels were statistically analysed, and cutoff values with respect to the controls were determined. All hypothesis tests used were two-tailed, with statistical significance assessed at the level of p< 0.05. Results: A total of 87 subfertile and 23 fertile men were included in the study. The mean MDA level was significantly higher in the subfertile subjects than in the fertile subjects, and the mean antioxidant level was significantly lower in the subfertile subjects than in the fertile subjects. Seminal MDA levels were negatively associated with sperm concentration, motility, and morphology, whereas the opposite was seen with TAC levels. Conclusion: Measurements of seminal TAC and ROS are valuable for predicting semen quality, and hence predicting the outcomes of fertility treatment.
Introduction
Infertility has become a widespread problem in recent years. For the normal fertilization process to occur, a healthy, undamaged sperm cell is vital. Approximately one-third of infertility problems are attributed to the male partner. In order to improve the fertility rate, potential causes of damage leading to abnormal semen parameters should be evaluated. Semen analysis constitutes the initial step in screening for the male partner's contribution in an infertile couple. Extensive debate exists concerning the diagnostic and prognostic significance of semen parameters in the evaluation of male infertility, except in patients with azoospermia or severe oligozoospermia [1, 2] . In couples experiencing idiopathic or unexplained infertility, routine semen analysis results in no detectable abnormalities.
Oxidative stress has been found to be one of the most prevalent causes of sperm damage, subsequently affecting fertilization [3] . Oxidative stress is a condition associated with an increased rate of sperm damage due to cellular damage to the lipids, DNA, and protein of the sperm [4, 5] . Sperm cells have their own defence mechanisms to repair such damage, and when these fail, an imbalance between reactive oxygen species (ROS) and total antioxidant capacity (TAC) occurs [5] . This has been reported to be one of the most important factors contributing to poor semen quality. Low levels of ROS are important for capacitation and several other cell signalling pathways [6] . Elevated ROS levels, in contrast, cause a cascade of events leading to lipid peroxidation [5] . This results in an increase in the level of free radicals beyond the antioxidant capacity of the seminal plasma. Antioxidant levels are highly variable across men, but during fertility treatment, seminal antioxidant levels are rarely assessed in the male partner. After an assessment of routine male and female parameters, patients are usually counselled to proceed to intracytoplasmic sperm injection or intrauterine insemination [7] . One of the best strategies to enhance the potential for fertilization is to reduce the level of ROS in the seminal plasma by oral supplementation with antioxidants. This may increase the likelihood of natural conception, thereby improving the outcome of assisted reproductive technologies [8] .
The purpose of this study was to quantify malondialdehyde (MDA), one of the by-products of lipid peroxidation and antioxidants in the seminal plasma. Measuring the level of free radicals and total antioxidants present in the seminal plasma enables an assessment of the correlations of these values with semen parameters such as motility, concentration, and morphology, thereby helping to improve the success rate of fertility treatment. Supplementing patients with necessary antioxidants for a prescribed duration after performing the antioxidant assay may help them to improve their antioxidant capacity and maintain an appropriate balance between ROS and antioxidants. This, in turn, may help maintain the integrity of DNA, leading to an improved fertility rate in patients with male factor infertility. Hence, standardizing these assays for measuring the level of total antioxidants present in the seminal plasma and establishing cutoff values for easy reference will be useful for treating patients by targeting oxidative stress.
Methods

Study population
The study was approved by the Institutional Human Ethics Committee (No. 15/278). Written informed consent was obtained from all subjects whose samples were analysed in this study. A questionnaire about the participants' lifestyle and medical history was also administered. Semen samples from 87 subfertile men attending a private fertility center in Coimbatore from May 2015 to April 2016 were obtained for this analysis. Twenty-three fertile men were enrolled as controls. The mean age of the fertile subjects and subfertile subjects was 33.73 ± 4.64 and 33.74 ± 5.21 years, respectively.
The study group included 26 normozoospermic male partners, 51 teratozoospermic male partners, 10 oligoteratozoospermic male partners, and 23 fertile healthy volunteers as a control group. The semen parameters were used to classify the patients into these groups following the 2010 World Health Organization (WHO) guidelines [9] . Semen samples were collected by masturbation after 3-4 days (72-96 hours) of sexual abstinence. After liquefaction, semen analysis was performed according to the 2010 WHO guidelines within 1 hour of collection to measure sperm concentration, motility, and morphology [9] . Liquefied semen was centrifuged at 300 × g for 10 minutes, and the sperm pellet was washed and resuspended in phosphatebuffered saline. The seminal plasma (supernatant) was carefully removed and transferred to microfuge tubes. Aliquots of seminal plasma were frozen at −20°C until examination.
Subjects whose partners did not conceive after a period of unprotected intercourse for more than a year were included in the study, regardless of their semen parameters. Exclusion criteria are: (1) subjects who smoked and/or consumed alcohol, (2) subjects with leukocytospermia or pyospermia, (3) subjects suffering from diabetes mellitus or tuberculosis, or who had a previous history of mumps, and (4) subjects with a known male factor anomaly, such as varicocele.
Thiobarbituric acid reactive species assay
ROS levels were measured using a thiobarbituric acid reactive species assay [10] . This assay measured the level of MDA, which is one of the end products of lipid peroxidation. A 0.5-mL aliquot of seminal plasma was mixed with 3 mL of 1% phosphoric acid and 1 mL of 0.6% thiobarbituric acid. The mixture was heated for 45 minutes in a water bath. Then, 4 mL of n-butanol was added and the mixture was vigorously vortexed and centrifuged at 300 ×g for 20 minutes. The upper organic layer was taken and absorbance was recorded at 535 nm in a ultraviolet-visible spectrophotometer. The values were expressed as nmol/mL. The extent of radical scavenging was calculated using the following formula:
2,2-Diphenyl-2-picrylhydrazyl free radical assay
TAC was measured using a 2,2-diphenyl-2-picrylhydrazyl free radical (DPPH) assay [11] , in which 100 µL of seminal plasma was added to 2.5 mL of DPPH solution. Then, another 2.4 mL of methanol was added, and the reaction mixture was allowed to stand in the dark at room temperature for 30 minutes. Methanol served as a blank, and DPPH in methanol without the sample served as a positive control. Following incubation, the discolouration of the purple colour was read at 515 nm in a spectrophotometer. The values were expressed as percentages. The extent of radical scavenging was calculated us-× 10 6 nmol/mL Optical density × total volume 1.56 × 10 5 × Sample volume
Results
Semen samples from 110 individuals, including 87 subfertile participants (26 normozoospermic, 51 teratozoospermic, and 10 oligoteratozoospermic) and 23 fertile donors, were studied. The mean age of the fertile subjects and subfertile subjects was 33.73 ± 4.64 years and 33.74 ± 5.21 years, respectively. The semen parameters of both groups, including sperm concentration, motility, morphology, MDA levels, and TAC are presented in Table 1 . The mean MDA level was significantly higher in the subfertile subjects (15.31 ± 12.03 nmol/mL) than in the fertile subjects (6.10 ± 4.94 nmol/mL). The mean antioxidant level was significantly lower in the subfertile subjects (70.07% ± 18.15%) than in the fertile subjects (83.05% ± 8.34%).
The correlations between semen parameters and seminal plasma ROS and TAC levels were examined using Spearman correlation analysis, as shown in Table 2 . Unlike sperm morphology, a significant negative correlation was observed between the seminal MDA level and the percentage of sperm motility. The corresponding correlation for sperm concentration was close to significant. The presence of a negative correlation between seminal MDA levels and semen parameters meant that higher levels of MDA in the seminal plasma were associated with higher levels of abnormalities in the semen parameters. The Indicates statistical significance at p< 0.05. Indicates statistical significance at p< 0.05. correlations between seminal TAC levels and sperm concentration, motility, and morphology were examined. Seminal TAC levels were positively correlated with sperm concentration, motility, and morphology, but the correlations were not statistically significant.
In order to analyze the effectiveness of oxidative stress in discriminating between the fertile and subfertile patients, an ROC curve was generated with a 95% confidence interval for TAC levels, comparing the fertile controls with the subfertile participants. The results are presented in Table 3 .
Cutoff values for TAC were derived through a comparison of the control group with the individual subgroups of subfertile participants, as well as through a comparison of the control group with the subfertile participants as a whole. No effective cutoff value of TAC was derived when individual subgroups were compared with the fertile controls, while a TAC value of 77.4% was determined to be an efficient discriminating value when comparing the fertile participants with the subfertile participants as a whole (Figure 1) . The low specificity (7%) of oligoteratozoospermia may have been due to the very small sample size that was analysed.
Discussion
Imbalances between ROS and TAC in the male reproductive tract have a major influence on the fertilization potential of sperm. Measuring and standardizing these parameters would be helpful for treating patients with antioxidant therapy in order to increase the natural conception rate. The subfertile men included in this study had lower seminal TAC levels than the fertile men. Antioxidant levels showed positive associations with sperm concentration, motility, and morphology. The lower TAC levels in subfertile men were accompanied by higher levels of free radicals. The mean MDA level was significantly higher in the subfertile subjects than in the fertile subjects; this was due to the overproduction of ROS in semen, which is associated with reduced sperm fertilizing potential [12] .
Based on the ROC curve, the most suitable cutoff value for TAC levels, along with sensitivity, specificity, and the area under the curve (AUC), was obtained by comparing the control group with the subgroups of subfertile men, as well as by comparing the control group with the subfertile participants as a single group. The cutoff value that was found is important because it discriminates between fertile and subfertile patients and provides a threshold value for various semen parameters based on clinical data. Previous studies have shown sperm morphology to have a high predictive power of various semen parameters, with AUCs of 0.78 and 0.697, and the 4% cutoff value of sperm morphology showed good predictive value, as shown by an AUC of 0.782 [13] . Similarly, in our results, a significant TAC threshold value was found based on comparisons between the control and the subfertile subgroups and based on a comparison between the control group and the subfertile group as a whole. The threshold value of the TAC of semen that best discriminated between fertile and subfertile subjects was 77.4%, with an AUC of 0.732, a sensitivity of 69%, and a specificity of 58%, and we expect that these findings will have a clinical impact on screening for infertility treatment.
In addition to normal sperm concentration and other semen parameters measured in routine semen analysis, other markers are also needed to assess the fertilization potential [14] . Small amounts of ROS have been reported to be essential for the regulation of normal sperm function, but ROS have harmful effects beyond a certain level [15] . Oxidative stress develops as a result of imbalance between ROS generation and antioxidant scavenging. Morphologically abnormal spermatozoa and leukocytes are the main source of excess ROS generation in semen [15] . Activated leukocytes are capable of producing 100-fold more ROS, than nonactivated leukocytes, so sperm DNA is more prone to leukocyte-induced ROS damage in infertile men and those with abnormal semen parameters because the sperm cells in such individuals are likely to have experienced DNA damage and have a more fragile chromatin structure.
At high levels of lipid peroxidation, spermatozoa are rendered dysfunctional and their membrane function is altered. Lipid peroxidation triggers the loss of membrane integrity, causing increased cell permeability, enzyme inactivation, structural damage to DNA, and cell death [15] . Increased formation of ROS has been associated with reduced sperm motility [16] ; in accordance with that study, our study also showed a significant negative correlation between sperm motility and MDA levels. Previous studies have shown ROS to be negatively correlated with semen parameters [16, 17] . Similarly, in our study, we found ROS to be negatively associated with sperm parameters such as sperm concentration, motility, and morphology. This associa- tion may be explained by decreased axonemal protein phosphorylation, which leads to sperm immobilization. Moreover, it has been hypothesized that H2O2 diffuses across the membrane and inhibits the activity of enzymes such as glucose-6-phosphate dehydrogenase, which in turn leads to reduced availability of the cytoplasmic enzyme NADPH. As a result, oxidized glutathione and reduced glutathione accumulate, and these changes can cause a decrease in the antioxidant capacity of spermatozoa [18] . Initially, antioxidants are present in spermatozoa in a quantity capable of counteracting the free radicals that are produced such that a balance is maintained between antioxidants and ROS. On prolonged exposure, the antioxidant mechanism breaks down and an imbalance is created, due to which DNA fragmentation occurs [19] . Single-strand breaks are caused by oxidative stress. Double-strand breaks are caused due to exposure to 4-hydroxyl-2-nonenal, a major product of lipid peroxidation. The major DNA adducts found in human sperm DNA are 8-hydroxy-2-deoxyguanosine and 2-ethenonucleosides, which are used as key biomarkers for DNA damage caused by oxidative stress. Such DNA damage adversely affects the outcomes of assisted reproduction techniques and natural conception [19] .
In accordance with previous studies in which morphologically abnormal spermatozoa have been suggested to be a potential source of ROS, in our study, participants with teratozoospermia and oligoteratozoospermia showed elevated MDA levels. Of the three subfertile groups included in the study, the patients with oligoteratozoospermia seem to have had significantly low TAC levels and very high MDA levels. In this condition, morphologically immature or abnormal sperm cells, which are a potential source of ROS, lead to increased lipid peroxidation. The decline in sperm concentration in these patients might have been due to extended exposure to high levels of ROS produced by immature or abnormal spermatozoa. This likely resulted in damage to tubules, causing testicular atrophy, reduction in motility, and DNA damage to mature sperm cells, all of which affect fertility potential.
Exogenous antioxidant supplementation should be considered as a therapeutic measure in patients with abnormal TAC and MDA levels. Several in vitro and in vivo studies have analysed the effects of different antioxidants on sperm parameters, such as vitamin E, vitamin C (ascorbate), glutathione, and albumin. A dosage-dependent improvement in sperm quality was observed in smokers who took vitamin C orally [20] . A randomized double-blind placebo-controlled trial reported that vitamin E supplementation significantly improved sperm motility in 60% of asthenozoospermic patients [21] . Supplementation with glutathione for 60 days in 10 infertile patients significantly reduced lipid peroxidation potential, and also led to improvement in sperm membrane characteristics [22] . A combination of antioxidants may be most useful in the treatment of male infertility in patients with elevated oxidative stress.
In conclusion, our study demonstrated that there were significant differences in the levels of ROS and TAC in the seminal plasma of subfertile and fertile participants. A significant threshold level for the TAC of semen (77.4%) was established. Supplementation with necessary antioxidants for a certain period of time after performing an antioxidant assay may help patients to improve their antioxidant capacity and maintain a balance between ROS and antioxidants. This, in turn, may help maintain the integrity of DNA, thereby improving the fertility rate in patients with male factor infertility. Hence, standardizing these assays for measuring the total level of antioxidants present in the seminal plasma and establishing a cutoff value for easy reference will facilitate the treatment of patients for oxidative stress.
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